DNA origami can be used to create a variety of complex and geometrically unique nanostructures that can be further modified to produce building blocks for applications such as in optical metamaterials. We describe a method for creating metal-coated nanostructures using DNA origami templates and a photochemical metallization technique. Triangular DNA origami forms were fabricated and coated with a thin metal layer by photochemical silver reduction while in solution or supported on a surface. The DNA origami template serves as a localized photosensitizer to facilitate reduction of silver ions directly from solution onto the DNA surface. The metallizing process is shown to result in a conformal metal coating, which grows in height to a selflimiting value with increasing photoreduction steps. Although this coating process results in a slight decrease in the triangle dimensions, the overall template shape is retained. Notably, this coating method exhibits characteristics of self-limiting and defect-filling growth, which results in a metal nanostructure that maps the shape of the original DNA template with a continuous and uniform metal layer and stops growing once all available DNA sites are exhausted. 
Introduction
Optical metamaterials represent a new class of engineered materials that possess properties not normally found in natural materials and whose behavior can be modified by careful design of the constituent building blocks [1, 2] . Potential applications of these materials range from high performance antennas [3] to perfect lenses [4] and cloaking devices [5, 6] . One of the key requirements for the fabrication of optical metamaterials is the ability to construct geometrically well-defined, resonant building blocks, typically from metals, that possess precise dimensional tolerances, low optical losses, high repeatability, and low defect density. The majority of efforts to date in building optical metamaterials have focused on top-down approaches based upon lithographic methods [7, 8] . However, these techniques are generally unable to achieve the small sizes required for applications of optical metamaterials at visible wavelengths [9] .
A promising approach to achieve highly reproducible and precision nanostructures for potential use in metamaterials is based upon bottom-up manufacturing through the use of DNAbased fabrication [10] [11] [12] [13] . DNA origami, for instance, is an example of a fabrication scheme that produces highly organized, and geometrically precise nanoscale objects [14, 15] . DNA-origami objects have been used as templates for nanofabrication on surfaces via molding and lithographic methods [16] [17] [18] [19] . In addition, various attempts have been made to directly metallize and assemble DNA-based structures [20] [21] [22] [23] [24] . Typically, these methods have used metal nanoparticle-binding and/or electroless deposition (ELD) strategies. Generally, metal seeds are linked on the DNA backbone either through covalent attachment, complementary binding, site-specific reduction, or electrostatic interactions [25] [26] [27] [28] [29] . These localized metal seeds can serve as nucleation sites for further metal growth, which is typically achieved by solution-phase ELD [30] [31] [32] [33] . One disadvantage to ELD is that the reducing agent is often a species dissolved in solution, which make it difficult to control the extent of metallization and leads to nonuniform or rough deposits.
However, photochemical routes can also be used to direct metal formation onto DNA.
Photochemical metallization has been demonstrated by growth of both silver and gold on DNA [34] [35] [36] . One of the key advantages of a light-driven deposition is the ability to precisely control the dosage and to initiate or quench growth via external control.
In this work, we demonstrate the use of a photochemical metallization strategy in which silver metal is formed directly onto DNA origami templates. We utilized triangular DNA origami as a template to drive silver metal formation via a photochemical route in which the DNA serves as a photosensitizer, which is activated by exposure to a UV flood lamp. Activation of DNA results in the reduction of silver ions directly onto the DNA surface. Metallization can be achieved either with the DNA origami shapes in solution, or while adsorbed to a solid surface. We observe features of metallization through optical absorbance, dynamic light scattering, and also via atomic force microscopy imaging. This metallization process exhibits several attractive characteristics. Under the proper conditions, photochemical reduction occurs only on the DNA, and not on neighboring locations, and results in a conformal coating that mimics the structure of the original template. It is also a self-limiting process, and growth terminates once all DNA sites have been exhausted. The result is a dense metal film with minimal defects and limited roughness.
Experimental Details

Synthesis of triangular DNA origami
Triangular-shaped DNA origami nanostructures were fabricated following published procedures [14] . Scaffold DNA (M13mp18) was purchased from New England Biolabs (Ipswich, MA).
Staple oligonucleotides were purchased from Integrated DNA Technologies (Coralville, IA). °C at a rate of 1 °C/min in 0.1 °C steps. Gel electrophoresis was used to confirm the formation of triangles versus a DNA ladder standard (Supporting Information, Figure S3 ).
Substrate preparation
Silicon chips (10x10 mm, <100> orientation, n-type dopant) were cleaned by ultrasonication in acetone, isopropanol and then nano-pure water for 10 min each. Substrates were then cleaned using the RCA method [37] . In short, the substrates were immersed into a mixture of 
Deposition of DNA on silicon
Cleaned silicon chips were plasma oxidized for 5 min to activate surface hydroxyl groups.
Immediately following, a 5 µL droplet of 1200 pM DNA origami in TAE buffer (Sigma Aldrich) with 125 mM MgCl 2 was placed onto the silicon for 60-180 min. A wet Kimwipe was placed near the substrate in a parafilm sealed petri dish to prevent evaporation of the solution. The silicon was then sequentially rinsed with ethanol/water mixtures corresponding to 90% ethanol, 50% ethanol and deinonized water, followed by drying with N 2 dry between each rinse step. Rinsing with just water typically removes the bound DNA origami from the surface [38] . Once dry, samples were subsequently used for AFM imaging or surface metallization. 
Solution metallization of DNA
Surface metallization of DNA
Samples with DNA triangles bound to silicon were immersed in a small petri dish containing 1 mM diamminesilver solution such that a 1-3mm liquid layer was on the surface. The sample was allowed to incubate for 15 min. The sample dish was then placed under a flood UV lamp and exposed for 15 min for photoreduction. The dish was then removed, rinsed with deionized water and dried with N 2 . This procedure was repeated multiple times to grow additional metal. Samples were periodically imaged with AFM following the drying step.
Atomic force microscopy (AFM) imaging
Height and phase images of the DNA origami triangles were obtained via atomic force microscopy using a Dimension 3100 scanning probe microscope in conjunction with a Nanoscope IV controller (Veeco Metrology, LLC, Santa Barbara, CA). Scanning was performed in tapping mode using Si TESP7 AFM tips (Veeco Metrology, LLC, Santa Barbara, CA) with a spring constant of ~79 N/m and resonance frequency of ~ 255 kHz.
Dynamic light scattering (DLS)
Particle size analysis was performed using dynamic light scattering (DLS) (Zetasizer ZS90, Malvern, US). A 50 µL aliquot of the stock solution of DNA origami was placed in a micro-cell holder and analyzed. Details of the DLS results are included in Supporting Information, Figure S2 , which includes particle size analysis and correlation coefficient data for both unpurified and purified samples. The purified samples were filtered with a 100kD filter (Amicon Ultra-0.5) remove excess staples.
UV-VIS Spectroscopy
UV-VIS absorbance measurements were taken using a small sample volume spectrometer (Nanodrop, Thermofisher). A 5 µL aliquot was used to measure the sample absorbance spectrum over the spectral range from 250 to 800 nm.
Results and Discussion
The DNA origami triangles were adhered directly from buffer solution to a silicon surface with the addition of 125 mM MgCl 2 , which assists adsorption via ion pairing between the phosphate groups on DNA and the negatively charged, oxide-coated silicon surface [38] . Micrographs from atomic force microscopy ( Figure 1, A and B) show the size and shape of the DNA triangles.
Structural features of note include a side length of ~130 nm for the unmodified triangles, and a relatively smooth surface profile. The vertex of each triangle, as seen in the AFM images, has a gap associated with the three different scaffold domains [14] . Metal coating of the DNA origami was achieved by photochemical reduction following a previously published report for creating metal seeds on lambda-DNA [34] . This method exploits the fact that light can be used to reduce silver ions to metal in the presence of a photosensitizer via a photochemical route. Although the detailed mechanism of the photochemical reaction is not completely understood, DNA likely serves as a photosensitizer whereby the DNA bases are photooxidized by the incident light to provide an electron for reduction [39] . To achieve metallization, silver ions, either in the form of Ag Progress of silver metallization in solution can be tracked by monitoring the absorbance spectrum ( Figure 3A ). Before addition of silver, the DNA triangles at a concentration of 120 pM in TAE buffer exhibit a characteristic absorbance at 260 nm. Addition of silver, in the form of 1 mM AgNO 3 or Ag(NH 3 ) 2 OH, increases the absorbance in the same spectral range, and is associated with strong interaction of the cations with the DNA backbone [40] . The optical response after a single, 15 min cycle of light exposure shows the appearance of an intense plasmon absorbance band centered at ~420 nm, which indicates the formation of silver nanostructures, most likely nanoparticles along the DNA backbone. Notably, for similar experiments in the absence of DNA, we observe no plasmon peak following light exposure (see Supporting Information, Figure S1 ).
This result supports the idea that DNA is required for metallization to proceed. Additional information about the size of the DNA triangles in solution, and the impact of metallization, can be gleaned with dynamic light scattering (DLS) ( Figure 3B ). Prior to metallization, we observed one distinct feature size from dynamic light scattering, which was centered at ~150 nm with a polydispersity index (PDI) of 0.142. This structure is likely associated with the effective diameter of the unmodified, triangular DNA origami. After light exposure, DLS indicated that this feature decreased in size to ~90 nm, with a PDI of 0.289. Presumably, this decrease in size is associated with a reduction in the effective diameter of the DNA triangles following metal formation on the origami surface. Notably, the procedure we followed for DNA Figure S4 ). For the surface route, the triangles were first adhered to a silicon surface by drop casting from a 125 mM MgCl 2 solution and letting the droplet incubate on the surface for ~60 minutes followed by thorough rinsing with mixtures of ethanol in water (see Experimental Details) and drying under nitrogen. Prior to metallization, several triangles were observed that exhibited a height of ~0.9 nm, an edge length of ~130 nm, a uniform surface profile, and clearly defined and sharp geometric features ( Figure 4A ). Silver photoreduction was achieved by directly immersing the DNA-coated silicon surface into either 1 mM AgNO 3 or an equivalent concentration of Ag(NH3) 2 OH, incubating for ~15 min, and then exposing to UV light for ~ 15 min. This was followed by rinsing with deionized water and drying under nitrogen. Figure 4B depicts the DNA triangles after a single metallization step. Two notable features are observed, which include an increase in height of the origami and a decrease in the overall dimensions (edge length). The change in height can be most readily seen by considering the height distribution in Figure 4C as extracted from the two AFM images. The distribution before metallization (dashed line) shows a large substrate peak centered at 0 nm (denoted by *), and a peak associated with the DNA at ~0.9 nm (denoted by #). After a fifteen min UV exposure, the height of the DNA had increased to ~1.45 nm (denoted by +). Figure 5B) and 6 ( Figure 5C ) cycles, a clear surface evolution was seen with the appearance of particle chains along the triangle sides. These continue to grow with additional metallization steps and the surfaces became completely covered with metal, as was observed after the 12 th cycle ( Figure 5D ). Overall, the metal deposit becomes thicker, more continuous, and more uniform with additional growth cycles. With increasing metallization cycles, there was an overall increase in height of the metal coating on the DNA triangles, as well as a decrease in the overall edge length (Supporting Information, Figure S5 and Figure S6 ). Figure 6 depicts results from a collection of AFM measurements of triangle height and edge length with increasing cycle number (details in Supporting Information, Figure S7 and Table S1 ). The height of the silver coating on the origami is seen to increase slowly from the initial DNA height of ~0.9 nm by adding ~0.5 nm of silver per cycle, with the thickness change decreasing and appearing to plateau at higher cycle numbers ( Figure 6A ). After the 12 th cycle, the silver thickness had reached ~3.8 nm. If one assumes a continuous growth layer on top of the original DNA, this would correspond to an increase in ~2.9
nm of silver, which corresponds to approximately 12 silver layers, based upon the (111) plane spacing of silver. If one assumes the entire thickness of the metallized structure is replaced by silver, this would result in ~16 atomic silver layers.
In addition to the increasing silver thickness, the overall triangle dimensions decreased with added metal ( Figure 6B ). The edge length of the triangles was ~130 nm for the original structure.
This decreased rapidly by 17% to 107 nm after one cycle, before quickly plateauing to ~90 nm in length, where it remained for subsequent cycles. The overall edge length decreased by a total of ~31% after 12 cycles. This decrease in triangle dimensions observed by AFM is consistent with the decrease observed in the average triangle size as observed by light scattering from ~150 nm to ~90 nm after metallization ( Figure 3B ). We speculate that this decrease in the triangle dimensions is due to the rigid nature of the silver metal growing on top of the compliant DNA template. This metallization process has several advantages for the creation of well-defined metal structures. First, the role of DNA as a photosensitizer results in metal formation only on the DNA, and avoids the formation of spurious or unwanted metal growth elsewhere. As observed in the AFM images, the growth mechanism leads to a conformal metal structure that mimics the shape of the underlying template. Although there is evidence in the literature that DNA can be damaged by photochemical processes [39] , we do not observe changes in the geometry or structure of the DNA origami templates. Notably, a similar set of experiments using lambda DNA does not show any evidence of damage or change in the DNA structure ( Figure S8 , Supporting Information), which suggests any damage that does occur does not significantly limit the ability of this metallization method to create metal structures that conform to the original DNA geometry. The growth process also appears to be self-limiting, which may be the result of the DNA being covered by metal during metallization, thus losing its effectiveness for further metal reduction as the metal film grows. As a consequence, this also creates a defect-filling structure whereby growth continues until the remaining exposed DNA areas are covered to a nominally uniform thickness. We speculate that the silver reduction occurs at or near the photochemically-activated site on the DNA backbone, and metal adds by forming additional nuclei or by adding directly to the growing silver particles until all reactive sites on the DNA are fully covered and the reduction stops.
Conclusions
We have demonstrated a procedure for creating nanometer-sized, geometrically well-defined metal objects using a photochemical silver reduction process and DNA origami triangles. As observed, the DNA plays a necessary role in photochemical reduction, serving as a template and directing agent for metal growth. The result is a highly conformal and self-limiting growth mechanism whereby the triangles are completely covered with silver, and the metallization process eventually self-limits as reactive sites are consumed. We anticipate that this process will provide a useful tool for using a variety of DNA-based templates that can serve as resonant building blocks for the creation of optical metamaterials.
